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THE DESIGN AND IMPLEMENTATION OF A LABORATORY-ORIENTED 
GENERALIZED VARIABLE-ORDER DIGITAL COMPENSATOR 

C.  C .  C a r r o l l  and J. A. Chi lds  

ABSTRACT 

This s tudy is concerned wi th  t h e  design and implementation of  a 

v e r s a t i l e  d i g i t a l  compensator t h a t  i s  compatible wi th  a labora tory  en- 

vironment. The design permits  f u t u r e  cons t ruc t ion  t o  be f a c i l i t a t e d  

almost completely through the  use of i n t eg ra t ed  c i r c u i t r y .  

The v e r s a t i l i t y  of t h e  compensator i s  demonstrated i n  two ways: 

1) the  compensation func t ion  can be a l t e r e d  t o  give Znd ,  4&, or 6 t h  

order  opera t ion  by making minor ex te rna l  adjustments t o  t h e  machine and 

2)  f o r  a given order ,  the  c o e f f i c i e n t s  of t he  t r a n s f e r  func t ion  can be 

set  t o  a wide range of  values ,  thereby providing the  c a p a b i l i t y  of an  

even g r e a t e r  v a r i e t y  of r e a l i z a b l e  func t ions .  The r e so lu t ion  of  t h e  

c o e f f i c i e n t s  has  been made high enough t o  e l imina te  c o e f f i c i e n t  quant i -  

z a t i o n  a s  a problem source.  

The compensator, as a s p e c i a l  purpose computer, w i l l  be u t i l i z e d  i n  

the  hybrid s imulat ion of  t h e  Saturn V t h r u s t  vec tor  con t ro l  system, a l -  

though t h e  computer may be adapted t o  many d iverse  sampled-data systems. 

i v  
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I. INTRODUCTION 

Recent i n t e r e s t  i n  d i g i t a l  f i l t e r i n g  [5,6,7] has  c rea t ed  a demand 

f o r  phys ica l  r e a l i z a t i o n s  of z-plane t r a n s f e r  func t ions ;  and, a s  a re- 

s u l t ,  phys ica l  r e a l i z a t i o n s  have been accomplished through t h e  use  of 

s e v e r a l  methods [8,9,10,11,12,13]. The des ign  of a s p e c i a l  purpose 

computer f o r  r e a l i z i n g  a d i g i t a l  f i l t e r  c o n s i s t s  of t h r e e  p a r t s  [14]: 

f i r s t ,  the  determinat ion of  quan t i za t ion  levels i n  the computer; second, 

t he  l o g i c a l  design of  t he  computer's components; and t h i r d ,  t h e  inter-  

connection of t he  computer's components t o  implement the  requi red  quan- 

t i z a t i o n  l e v e l s .  I n  t h i s  paper, a s p e c i a l  purpose computer i s  designed 

us ing  t h e  above concepts t o  r e a l i z e  a given D(z) t r a n s f e r  func t ion  o f  a 

d i g i t a l  f i l t e r .  The d i g i t a l  f i l t e r  i s  then  u s e d a s  a compensator i n  the  

hybrid s imula t ion  of t he  Saturn V t h r u s t  vec to r  con t ro l  system shown i n  

Figure 1. 

wi th  the  following s a l i e n t  c h a r a c t e r i s t i c s :  

be a l t e r e d  t o  give 2nd, 4&, o r  6 t h  order  c a p a b i l i t y  by making minor ex- 

t e r n a l  adjustments and 2)  f o r  a g iven  order ,  t he  c o e f f i c i e n t s  of t he  

t r a n s f e r  func t ion  can be s e t  t o  a wide range of values ,  thereby pro- 

v id ing  the  c a p a b i l i t y  of an even g r e a t e r  v a r i e t y  of  r e a l i z a b l e  funct ions.  

The compensator w i l l  be of t h e  genera l  form shown i n  Figure 2 

1) the  order  of t h e  D(z) may 

Chapter I1 descr ibes  the  design problem, while  Chapter 111 d e t a i l s  

t he  a c t u a l  l og ic  implementation o f  each computer component used i n  the  

design.  In  Chapter IVY t he  t h e o r e t i c a l  performance of t he  machine i s  

analyzed. Chapter V presents  a step-by-step procedure f o r  programming 

the  computer f o r  a des i red  t r a n s f e r  func t ion .  
1 
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11. DESIGN OF THE COMPENSATOR 

The form of t h e  D(z) t o  be implemented i s  given below: 

The s ix th-order  func t ion  given above is fac tored  i n t o  th ree  second- 

order  func t ions .  Each of these  t h r e e  f a c t o r s  w i l l  be represented by a 

d i f f e rence  equat ion i n  order  t o  f a c i l i t a t e  t he  a c t u a l  d i g i t a l  design. 

These t h r e e  equat ions can then be combined i n  such a mariner a s  t o  de- 

s c r i b e  the  complete s ix th-order  funct ion.  Also these  equat ions may be 

arranged t o  represent  second- and fourth-order func t ions .  In  addi t ion ,  

the  c o e f f i c i e n t s  of t h e  D(z) may be changed t o  y i e l d  e n t i r e l y  d i f f e r e n t  

t r a n s f e r  func t ions ,  

The s ix th-order  case f o r  a D(z) can perhaps be b e t t e r  understood 

by f i r s t  analyzing the  second-order t r a n s f e r  func t ion  given below: 

E2 (2) - ao+alz-1-f-a2z-2 

E l  ( z )  l+blz-1+b2z-2 
D(z) = - - 

Expanding Eq. 2 y i e l d s  

+a 2-21 (3 1 
-1 

E2 (z )  [ l+blz-1+b2z-2] = E1(z) [ao+alz 

By tak ing  the  inverse  z-transform of  the  above equat ion and rearranging 

4 
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terms, t he  output i n  standard d i f f e rence  n o t a t i o n  i s  

e2(KT) = aoel(KT) + alel(KT-T) + a2el(KT-2T) 

- ble2(KT-T) - b e (KT-2T) . (4 1 2 2  

Therefore, the present  output,  e2(KT), i s  a l i n e a r  combination of two 

previous inputs ,  two previous outputs,  and t h e  present  input ,  s ince  

e (KT-2T) r ep resen t s  the value of t he  input  s i g n a l  two sampling 

per iods  ago a s  shown i n  Figure 3 .  
1 

The d i f f e rence  equat ion f o r  t he  second func t ion  of Eq. (1) i s  

e2 '  (KT) = (KT) + a l l e l '  (KT-T) + a 2 ' e  I (KT-2T) 
el 1 

- b ' e  '(KT-T) - b ' e  '(KT-2T) (5 1 1 2  2 2  

The d i f f e rence  equation f o r  t he  t h i r d  func t ion  of E q .  (1) and the f i n a l  

output i s  

"(KT) = el"(KT) + all'ell'(KT-T) + a2''ell'(KT-2T) e2  

Now t h e  problem of combining these  t h r e e  equations i n t o  one equation 

t o  descr ibe  a l l  t h r e e  s t ages  of t he  DCz) i s  encountered. Equations ( 4 ) ,  
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(5), and (6) can be combined t o  give the  d i f f e rence  equat ion fo r  

Eq. (l), since 

e ' (KT) = e2(KT) 
1 

e "(KT) = e '(KT) 
1 2 

Using t h e  above r e l a t i o n s  the  f i n a l  output  can be r ewr i t t en  as:  

W 
/ \ 

e2"(KT) = a e (KT) + a e (KT-T) + a2el(KT-2T) - b e (KT-T) - b e (KT-2T) 
0 1  1 1  1 2  2 2  

X 
A 

-I& 'e '(KT-T) + a 'e '(KT-2T) - b 'e '(KT-T) - b 'e '(KT-2Tj 1 1  2 1  1 2  2 2  

o r  

e "(KT) = a e (KT) + W + X + Y . 
2 0 1  

Equations (3), ( 4 ) ,  and (5) can a l s o  be r ewr i t t en  a s :  

e2(KT) = a e (KT) + w (11) 
0 1  

e2'(KT) = e ' (KT) -I- x (12) 1 

e"(KT) = e "(KT)+ Y (13 1 1 

A s  ind ica ted  before ,  Eq.  (9) s t a t e s  t h a t  t he  present  output  is de- 

pendent on previous inpu t s  and outputs  and a l s o  on the  present  input ,  
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el(KT). I n  order  t o  compute the  d i f f e rence  equation output ,  e2"(KT), 

twelve add i t ions  and t h i r t e e n  mul t ip l i ca t ions  must be computed. It i s  

des i red  t o  perform a s  many ca l cu la t ions  a s  poss ib l e  before  the  input  

i s  a c t u a l l y  sampled s ince  E q .  (9) implies  t h a t  t he  output i s  ava i l ab le  

a t  t he  same i n s t a n t  of time t h a t  t he  input ,  e (KT), i s  obtained by 

the  system. Therefore a computation scheme i s  devised whereby a l l  

1 

terms involving previous values  of e and e a r e  mul t ip l ied  by t h e i r  

corresponding c o e f f i c i e n t s  and sumed before  e (KT) i s  obtained. When 

e (KT) i s  obtained, i t  i s  mul t ip l ied  by a and the  product i s  added 

t o  the  previously mentioned sum t o  give the  present  output ,  e2"(KT). 

1 2 

1 

1 0,  

The scheme of computation w i l l  be as  follows: X i s  computed and 

s to red ;  Y i s  computed and s to red ;  and W i s  computed and l e f t  in  the  ac- 

cumulator. 

W i n  t he  accumulator which gives  the  value of t he  output ,  e2(KT), 

of the  f i r s t  s tage .  The previously s tored  value of X i s  added t o  

e (KT) t o  form the  output ,  e '(KT), of t he  second s tage,  o r  fou r th  

order  D(z) .  

e2"(KT), of the  s i x t h  order  D(z) o r  t h i r d  s tage .  

computational procedure can be c l a r i f i e d  somewhat by the  following 

equations: 

Then the  input  is  sampled, mul t ip l ied  by a,, and added t o  

2 2 

F ina l ly  Y i s  added t o  the  above t o t a l  t o  give the  output,  

Perhaps the  above 

e2(KT) = aoel(KT) -f- W 

e2'(KT) = a  e (m) + w + x 
0 1  
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e "(KT) = a e (KT) + W + X + Y . (16) 2 0 1  

The above procedures a r e  i l l u s c r a t e d  i n  Figure 4 where T i s  the  
S 

sampling per iod and T corresponds t o  the  minimum sampling per iod o r  min 

the  maximum sampling frequency. and Tw 

represent  t he  time sequence of t he  computation of X,  Y, and W respec- 

t i v e l y .  A s  mentioned before,  i t  i s  des i r ab le  t o  have an output a s  soon 

a s  an input  i s  obtained, but a c e r t a i n  amount of c a l c u l a t i o n  t i m e  i s  

always required.  This c a l c u l a t i o n  time i s  represented by the  i n t e r v a l ,  

T i n  Figure 4 .  T then represents  t h e  delay time between input  and 

output ;  therefore ,  i t s  value should be made small .  During the  time 

i n t e r v a l  T e (KT) i s  sampled, mul t ip l ied  by a and then added t o  

e i t h e r  W, WSX, o r  W -I- X + Y depending upon the  order  of t he  compensator 

being used. 

The time i n t e r v a l s  Tx, T 
Y' 

C Y  C 

c y  1 0' 

Now a mathematical model of t he  system which w i l l  c l a r i f y  and 

i n t e g r a t e  the  preceding techniques can be presented.  The model i s  

shown i n  Figure 5, which dep ic t s  a separa te  summing network f o r  each 

s tage ,  but  i n  r e a l i t y  one summer, o r  accumulator, i s  time-shared by 

a l l  t h ree  s t ages .  This r e s u l t s  i n  savings of time, space, and money. 

Each t r i a n g l e  i n  t h i s  f i gu re  corresponds t o  the  mul t ip l i ca t ion  operat ion,  

and each square block represents  a time delay element i n  which the  pre- 

vious values  of the  input  and output a r e  delayed and s tored .  Figure 5 

i s  divided i n t o  th ree  s t ages  t o  represent  t he  computation of W, X, and 

Y, r espec t ive ly .  

e "(KT) i s  des i red ,  the  separa te  va lues  of e2(KT) and e '(KT) must be 

It i s  important t o  note  a t  t h i s  po in t  t h a t  even i f  

2 2 
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computed so t h a t  i npu t s  to the  second and t h i r d  s t ages  w i l l  be a v a i l -  

a b l e  when the  next  sampling a c t i o n  occurs.  

Equation (9) i n d i c a t e s  t h a t  several sets of  d i g i t a l  numbers w i l l  

have t o  be mul t ip l i ed  toge ther ,  so t h e  method of m u l t i p l i c a t i o n  w i l l  

be explained before  proceeding t o  the  block diagram of the  complete 

system. 

i s  des i red  t o  mul t ip ly  t h i s  by bl which i s  equal  to (0.01) 

product i s  obtained by s h i f t i n g  the  b inary  poin t  two p laces  t o  the  l e f t  

t o  give (10.0)2. The product i n  decimal i s  (8)(1/4) = 2. Three s h i f t s  

t o  t h e  l e f t  of t h e  b inary  poin t  would correspond t o  m u l t i p l i c a t i o n  by 

1/8. 

Suppose, f o r  ins tance ,  t h a t  e2(KT-T) equals  (1000.0)2 and i t  

The 2 ’  

The following example w i l l  i l l u s t r a t e  t he  above techniques.  

Suppose b e (KT-T) =. (1.375) (8.0), then  t h e  mul t ip l i ca t ion  would be 1 2  

c a r r i e d  out a s  below: 

(1..375)(8) = (1 + 1/4 + 1/8)(8)  

= (1000)2 = (1 + .01 -I- .OOl>, (1000)* 

= (1011.0)2 = (11) 
10 

1000 * 0 no s h i f t  
10.00 2 s h i f t s  

3 s h i f t s  
= ( l l .o) lo  (1011.000)2 

1.000 

Now t h a t  a background of  t he  problem d e f i n i t i o n  and computation 

scheme has been given, a block diagram f o r  t h e  design of  the  compen- 

s a t o r  i s  given i n  Figure 6 .  Referr ing aga in  to Eq. (9), one can 

see  t h a t  a d i g i t a l  design must be c rea t ed  whereby these  b inary  



l- -----I 13 n I 

;i r -7- --! 

L 
- 

I p$ 
I 
I 
I 

(D 

If I 



14 

numbers can be mul t ip l ied  by t h e i r  corresponding c o e f f i c i e n t s  and then  

s u m d  i n  the  prescr ibed sequence t o  g ive  an output .  

The sequence of opera t ion  of  t he  compensator w i l l  now be descr ibed.  

The machine i s  a s p e c i a l  purpose computer and, a s  such, must be pre- 

programmed. The c o e f f i c i e n t  switches a r e  set  t o  g ive  the  des i red  co- 

e f f i c i e n t s  which involves  t h e  pos i t ion ing  of about two hundred and 

t h i r t e e n  switches.  Next, t he  output ,  e2 (a), e2 '  (KT), o r  e "(KT) is  
2 

se l ec t ed  by the  pos i t ion ing  of  t h r e e  switches,  and the  type of input ,  

analog o r  d i g i t a l ,  t o  be used is  se l ec t ed  by the  use  of another  switch. 

The c lock  frequency i s  ad jus ted  t o  t h e  des i red  sampling r a t e .  

The master c o n t r o l l e r  f i r s t  s h i f t s  t he  following r e g i s t e r s :  

e (KT-T) , e (KT-2T), e2 (KT-T), e2 (KT-2T), e ' (KT-T) , el'  ( a - Z T ) ,  
1 1 1 

e 
2 1 2 2 

This i s  done t o  a l low the  c a l c u l a t i o n  of X, Y, and W before  the  input  

i s  a c t u a l l y  sampled. It should be noted a t  t h i s  po in t  t h a t  only the  

(KT-T), e2'(KT-2T), e "(KT-T), e11'(KT-2T), e "(KT-T), and e"(KT-2T). 

s torage  r e g i s t e r s  l i s t e d  above con ta in  a new word. The master con- 

t r o l l e r  then i n s t r u c t s  the  address  command processor t o  address  the  

information i n  the  e '(KT-T) r e g i s t e r  and load el ' (KT) i n t o  the  s h i f t  

r e g i s t e r .  

1 

The m u l t i p l i c a t i o n  log ic  serves  t o  s h i f t  t he  number i n  the  s h i f t  

r e g i s t e r  and a l s o  t o  c o n t r o l  t h e  a s s e r t i o n  of  t he  accumulate commands. 

An accumulate pu l se  t r a n s f e r s  the  information i n  the  s h i f t  r e g i s t e r  

i n t o  the  p a r a l l e l  b inary  accumulator. The s h i f t i n g  pulses  occur a t  

r egu la r  i n t e r v a l s ,  but  t he  occurrence of an  accumulate pulse  i s  pre- 

determined by t h e  s e t t i n g s  on t h e  c o e f f i c i e n t  switches.  The 
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s h i f t i n g  and accumulating process performs the  mul t ip l i ca t ion  of 

a ' by el'(KT-T). 1 
A s imi l a r  procedure is  c a r r i e d  out  for a2'el '  (KT-2T),bl'e2' (KT-T), 

2 2  and b ' e  '(KT-2T), a f t e r  which the  master c o n t r o l l e r  commands the  

mul t ip l i ca t ion  log ic  t o  go t o  the  stand-by mode. During t h i s  i d l i n g  

period, the c o n t r o l l e r  i n i t i a t e s  a command whereby the  information i n  

the  accumulator i s  s h i f t e d  i n t o  the  'A' memory. This t r ans fe r r ed  i n -  

formation represents  t he  value of X, a s  defined before.  Once t h e  ac- 

cumulator has been in te r roga ted ,  i t  is reset and simultaneously the 

c o n t r o l l e r  prepares i t s e l f  t o  continue the  computations. 

Next, the  ell'(KT-T), e11'(KT-2T), e2"(l?T-T), and e "(KT-2T) s torage 2 
r e g i s t e r s  a r e  successively in te r roga ted  by the  address command pro- 

cessor  and mul t ip l ied  by a 

prescr ibed before .  

a I t ,  b ' I ,  b2" r e spec t ive ly  i n  a manner a s  
1 2 1  

Once again the  mul t ip l i ca t ion  log ic  i s  put i n  the  

stand-by mode, and t h e  information in the accumulator, which now 

represents  Y, i s  s h i f t e d  i n t o  the  ' B '  memory. The accumulator i s  again 

r e s e t  with the  value of Y s tored  i n  the  ' B '  memory and the  value of X 

s tored  i n  the ' A '  memory. 

F ina l ly  el(KT-T), e (KT-2T), e2(KT-T), and e2(KT-2T) a r e  processed 

and mul t ip l ied  by t h e i r  corresponding c o e f f i c i e n t s ,  al, a2 ,  bl, and b2. 

The value represent ing  W i s  l e f t  i n  t he  accumulator, and i s  not t rans-  

f e r r ed  a s  X and Y had been,. 

t he  above operat ions,  automatical ly  switches i t s e l f  t o  t he  sample mode. 

The con t ro l l e r  sends e igh t  pulses  t o  t h e  successive approximation 

ana log - to -d ig i t a l  converter [2], where 

1 

The master c o n t r o l l e r ,  having completed 
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the  value of t he  analog s i g n a l  i s  sampled and converted t o  a 

b inary  number. 

end-of-AID pulses  a r e  generated.  The f i r s t  pulse  simultaneously s h i f t s  

the information out of the  A/D and i n t o  the  el(KT) r e g i s t e r .  

second pulse  r e s e t s  the A I D  and a l s o  r e t u r n s  the  master con t ro l  l og ic  

t o  the  computation mode. The address  command processor i s  then given a 

command t o  in t e r roga te  the  el(KT) r e g i s t e r .  

p l i ed  by a and s tored  i n  the  accumulator. The accumulator now conta ins  

the  value of e,(KT), which w i l l  be channeled i n  two d i r e c t i o n s  simul- 

taneously.  A pulse  which w i l l  s h i f t  t h i s  s tored  information t o  the  

output  of the  compensator through one type of t runca t ion  or  round-off 

l og ic  w i l l  be ac tua ted .  This same information w i l l  a l s o  be t runcated 

i n t e r n a l l y  i n  the  accumulator and s tored  i n  the  el'(KT) r e g i s t e r .  

After  these  e i g h t  A I D  pu lses  have been appl ied,  two 

The 

el(KT) i s  then multi-  

0 

The master c o n t r o l l e r  then r e c a l l s  the word s tored  i n  memory ' A '  

and app l i e s  i t  t o  the  inputs  of the accumulator. The accumulator now 

conta ins  e2'(KT), which i s  routed both t o  the  ell'(KT) r e g i s t e r  and 

t o  the output f o r  a fourth-order  machine. Y i s  now i n  the '3' memory 

and i t  i s  added t o  the  value of e "(KT) p re sen t ly  i n  the  accumulator t o  

give the output ,  e,"(KT), f o r  a s ixth-order  compensator. 

the cyc le  and prepare the  system f o r  the  next  sampling per iod,  the  

accumulator i s  r e s e t  and the master c o n t r o l l e r  i s  switched t o  the 

stand-by mode. 

1 

To complete 

The above explanat ion was meant t o  g ive  only a general  i n s igh t  

i n t o  the  system opera t ion .  I n  the  following chapters ,  a more d e t a i l e d  

a n a l y s i s  w i l l  be presented i n  which some of t he  preceding explanat ions 

a r e  repeated us ing  a d i f f e r e n t  approach. 



111. IMPmMENTATTON OF THE COMPENSATOR 

A. In t roduc t ion  

Now t h a t  t h e  system opera t ion  has been defined from a block 

diagram poin t  of view, each of t he  blocks i n  Figure 6 w i l l  be ex- 

pla ined  wi th  the exception of t he  a m l o g - t o - d i g i t a l  converter,  

the  Qode t r a n s l a t o r  logie ,  and the  d ig i t a l - to -ana log  conver te r .  

The p a r a l l e l  b inary  accumulator w i l l  be explained b r i e f l y .  

t h e  above elements have been used i n  previous designs [1], [Z ] ;  there-  

fore ,  they w i l l  not be explained here.  

Most of 

I n  Chapter I1 t he  genera l  approach was t o  descr ibe  t h e  compensator 

components i n  the  order i n  which they  occurred i n  t h e  sequence of oper- 

a t i o n .  But i n  t h i s  chapter an attempt w i l l  be made t o  g ive  t h e  func- 

t i o n a l  opera t ion  of each block i n  the  order of design evolu t ion .  The 

combination of t hese  two approaches should c l a r i f y  mat te rs  considerably. 

B.  P a r a l l e l  Binary Accumulator 

The p a r a l l e l  b inary  accumulator i s  a c t u a l l y  a p a r a l l e l  adder i n  

t h a t  words a r e  en tered  i n  p a r a l l e l  f o r  t h e  adding opera t ion ,  but t h e  

accumulator, a s  i t s  name implies,  keeps a t o t a l  of a l l  numbers t h a t  a r e  

added o r  sub t r ac t ed .  The s ign  of t h e  numbers t h a t  a r e  en tered  i n t o  

t h e  machine i s  determined by a s i g n  bi t ,which i s  located t o  t h e  l e f t  of 

t he  most s i g n i f i c a n t  b i t .  For ins tance ,  0-100 r ep resen t s  a p o s i t i v e  

four while  1-100 r ep resen t s  a nega t ive  four.  

17 
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Data e n t r y  i n t o  t h e  accumulator of  Figure 7 i s  made through the  

use of po in t s  A, By and C y  whi le  an  output  i s  obtained a t  t h e  po in t s  

D, E ,  a n d F .  In order  t o  accumulate a number, an accumulate pulse  

must be fed i n t o  point  H. I f  it i s  des i red  t o  reset a l l  s t ages  of t he  

accumulator, then a c l e a r  o r  r e s e t  pulse  may be appl ied  t o  the  common 

r e s e t  terminal .  In  some ins tances  i t  w i l l  be des i r ab le  t o  reset only 

c e r t a i n  s t ages  of  t he  accumulator by applying reset  pulses  t o  po in t s  

F and G. The reasoning f o r  t h i s  w i l l  be given i n  a l a t e r  s e c t i o n  m 

t runca t ion .  

A s impl i f ied  ve r s ion  of t h e  s t ages  of t h e  accumulator i s  pre- 

sented l a t e r  which shows the  pos i t ion ing  of t he  b inary  poin t  and t h e  

number of  s t ages  required t o  the  l e f t  and t o  the  r i g h t  of t h i s  point .  

The determinat ion of the  number of s tages  t o  t h e  l e f t  of  t he  b inary  

poin t  was obtained from Eq. (9) by assuming t h a t  the  c o e f f i c i e n t s  had 

a maximum decimal value of  approximately t w o .  

of t h e  sampled va lues  were mul t ip l ied  by two and added toge ther  t o  

give the  maximum number t h a t  t h e  accumulator would ever have t o  pro- 

cess. Next, the  maximum number o f  b i t s  required to t h e  r i g h t  of the  

b inary  poin t  was determined by f i r s t  f ind ing  the  e n t r y  word having t h e  

most b i t s  t o  the  r i g h t  of t h e  b inary  poin t .  

has the  most b i t s  t o  the  r i g h t  of  t he  b inary  point ,  5, so f i v e  i s  added 

t o  s i x t e e n  t o  g ive  t h e  t o t a l  number of  s t ages  t o  the  r i g h t  of t he  

b inary  poin t .  Most of the  c o e f f i c i e n t s  have seventeen b i t s ,  but  one of 

these  b i t s  i s  t o  the  l e f t  of the  b inary  poin t .  This i s  t h e  reason t h a t  

s i x t e e n  ins tead  of  seventeen was used i n  t h e  above computations. 

The decimal equiva len ts  

The e n t r y  word, e2'(KT), 
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Refer r ing  aga in  t o  Figure 7, one can see  t h a t  t he  input  t o  the  

accumulator i s  derived from the  outputs  of t h e  s h i f t  r e g i s t e r ,  and thus  

t h e  b inary  poin t  of t h e  input may be s h i f t e d  a s  w i l l  be explained i n  

t h e  next sect ion.  

The output of t h e  accumulator i s  channeled i n  s e v e r a l  d i r e c t i o n s  

a t  d i f f e r e n t  i n s t ances  of time. A t  f i r s t  t he  information i n  t h e  ac- 

cumulator i s  s h i f t e d  i n t o  the  ' A '  memory, and then a d i f f e r e n t  word i s  

s h i f t e d  i n t o  the  ' B '  memory. Then during s e v e r a l  i n t e r v a l s  of time, the 

output i s  fed through the  t runca t ion  log ic  t o  the  inputs  of c e r t a i n  

s torage  r e g i s t e r s .  It i s  not intended a t  t h i s  po in t  t o  g ive  s p e c i f i c s  

a s  t o  how the  information i n  the accumulator i s  handled, but one should 

be aware of the genera l  na ture  of t h i s  data t r a n s f e r .  

C. S h i f t  Regis te r  

The s h i f t  r e g i s t e r  se rves  a s  a prepara tory  s torage  device f o r  

t he  accumulator and a l s o  a s  a means of accomplishing the  s h i f t i n g  

operation, necessary i n  the  m u l t i p l i c a t i o n  of the sampled values by 

t h e i r  proper c o e f f i c i e n t s .  

The s h i f t  r e g i s t e r  conf igura t ion ,  a s  shown i n  Figure 8, i s  used 

q u i t e  ex tens ive ly  throughout t he  system and the re fo re  w i l l  be discussed 

i n  gene ra l  before proceeding t o  how it i s  used i n  t h i s  p a r t i c u l a r  case. 

P a r a l l e l  data e n t r y  i s  accomplished through t h e  use of t he  DC s e t  

t e rmina ls .  A negative pulse a s  shown i n  Figure 8 sets t h a t  f l i p - f l o p  

t o  the  "one" s t a t e  which means t h a t  t h e r e  i s  a log ic  "one" a t  t he  

s e t  output te rmina l ,  Q, and a log ic  "zero" a t  t he  r e s e t  output terminal,  



2 1  

Fig. 8 --Typical S h i f t  Register Configuration 

States of the  F’dip-flops 
1 2 3 4 

I n i t i a l  S t a t e s  0 0 0 0 

Af ter  1st E% is Set  1 0 0 0 

Af te r  1st Clock Pulse 0 1 0 0 

Af te r  2nd Clock Pulse 0 0 1 0 

After 3rd Clock Pulse 0 0 0 1 

Af te r  4 t h  Clock Pulse 0 0 0 0 

Fig. 9 --Transit ion Table f o r  t he  Fl ip-f lops 
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- 
Q.  

of t he  f l i p - f l o p s  a r e  r e s e t  t o  the  "zero" s t a t e .  

When a negat ive pulse  i s  appl ied a t  the  common r e s e t  terminal ,  a l l  

Considering only one f l i p - f l o p ,  one can see ehat when S and R 

a r e  a t  log ic  ''one" and "zero" respec t ive ly ,  Q and < go t o  log ic  

"one" and "zero" r e sepc t ive ly  with the  occurrence of a c lock pulse .  

The r eve r se  i s  t r u e  when the  inputs  t o  the  f l i p - f l o p  a r e  reversed.  But 

now consider the  case i n  which the  inputs ,  S and R, t o  t he  f i r s t  f l i p -  

f l o p  of t he  s h i f t  r e g i s t e r  a r e  always a t  l og ic  "zero" and "one" respec- 

t i v e l y  and information i s  introduced i n t o  t h e  r e g i s t e r  v i a  the  DC s e t  

terminals .  

b i t  t o  the  r i g h t .  

r e g i s t e r  w i l l  automatical ly  be r e s e t  t o  zero s ince  the  f i r s t  f l i p - f l o p  

i s  cons tan t ly  feeding in "zeros" t o  the  a r r ay .  

i s  the case i n  which the  f i r s t  f l i p - f l o p  i s  i n i t i a l l y  s e t  t o  the  "one" 

s t a t e  while the  o the r  f l i p - f l o p s  a r e  i n  the  "zero" s t a t e .  

seen from Figure 9 t h a t  one clock pulse  puts  the  second f l i p - f l o p  i n  the  

one( 's ta te  while  a l l  o the r  f l i p - f l o p s ,  including the  f i r s t ,  a r e  i n  the  

"zero" s t a t e .  With t h e  add i t ion  of  more clock pulses ,  a log ic  "one" 

can be v i sua l i zed  a s  moving through the  s h i f t  r e g i s t e r .  

Each t i m e  a clock pulse  i s  appl ied,  t he  word i s  s h i f t e d  one 

I f  c lock pulses  a r e  continuously appl ied,  then the  

A v a r i a t i o n  of the  above 

It can be 

11 

Focusing our a t t e n t i o n  now on the  s h i f t  reg is te r ,  shown i n  Figure 10, 

t o  be used i n  t h i s  po r t ion  of the  system one can see t h a t  the  r e g i s t e r  

w i l l  need a s  many b i t s  t o  the  r i g h t  of t he  b inary  poin t  a s  t he  accumu- 

l a t o r .  Words coEtained i n  the  s torage  r e g i s t e r s  a r e  sequen t i a l ly  se lec-  

t ed  by the  address  command processor  and routed t o  the  inputs  of the  

s h i f t  r e g i s t e r .  The s h i f t i n g  and adding operat ion,  which c o n s t i t u t e s  
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b inary  m u l t i p l i c a t i o n  a s  discussed i n  Chapter 11, is c a r r i e d  out  by 

t h e  s h i f t  r e g i s t e r  and the  aeeumulator. 

D. Storage Registers 

The s torage  r e g i s t e r s  serve t o  s t o r e  the  va lues  o f  t h e  inputs  and 

outputs  of  t h e  p a r a l l e l  b inary  accumulator. 

one s e t  of  r e g i s t e r s .  The t h r e e  words which a r e  s tored  here  a r e  t h e  

present  input ,  t he  input  T seconds ago, and t h e  input  2T seconds ago. 

The symbol, T, represents  t he  sampling per iod and the re fo re  a new quan- 

t i z e d  input  i s  obtained every T seconds. After  t h i s  occrirs, the  in fo r -  

mation i n  the  e (KT) r e g i s t e r  i s  eventua l ly  s h i f t e d  i n t o  the  e (KT-T) 

r e g i s t e r ,  and l ikewise,  the  e (KT-2T) r e g i s t e r  ob ta ins  the  information 

previous ly  s to red  i n  t h e  el(KT-T) r e g i s t e r .  

noted t h a t  t he  el(KT-T) and e (KT-2T) r e g i s t e r s  have one common clock 

o r  data  t r a n s f e r  terminal  while  t he  el(KT) r e g i s t e r  has a separa te  

te rmina l .  

t o  take  on t h e i r  proper va lues  before  the  new input ,  el(KT), i s  taken 

i n t o  the  system. 

Figure 11 i s  an  example of  

1 1 

1 

I n  Figure 11 i t  w i l l  be 

1 

This i s  because it i s  des i red  f o r  el(KT-T) and el(KT-2T) 

This  concept is  employed throughout t he  system and the re fo re  w i l l  

be explained i n  more d e t a i l .  It was s t a t e d  i n  Chapter I1 t h a t  W,X, and 

Y were t o  be ca lcu la ted ;  then the input  was t o  be sampled, mul t ip l ied  by 

and added t o  W + X + Y t o  y i e l d  t h e  present  output  e "(KT). 2 

I n  o rder  t o  do t h i s ,  each of  t h e  v a r i a b l e s  required by W, X, 

and Y must be clocked i n  advance t o  r e a l i z e  t h e  c o r r e c t  da ta  t r a n s f e r .  



T o A C P  T o A C P  To A C P 

Fig. 11--Typical Storage Register A r r q  
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The clocking scheme a s  showg i n  Figure 12 i l l u s t r a t e s  the use of one 

c~mmon clock te rmiaa l  (B') t o  accomplish the  above. 

noted t h a t  s eve ra l  o ther  r e g i s t e r s  have t h e i r  own separa te  c lock t e r m i -  

na l s .  A discussion o f  why t h i s  i s  done w i l l  remain f o r  o ther  sec t ions ,  

but a s  f a r  a s  data  t r a n s f e r  i s  concerned t h e  system operates  b a s i c a l l y  

i n  the same manner a s  i f  one common clock terminal  were used f o r  a l l  

of the  s torage r e g i s t e r s .  

Also it w i l l  be 

E .  Address Command Processor 

Referr ing again t o  Figure 6 ,  one can see t h a t  t h i r t e e n  s torage 

r e g i s t e r s ,  the  'A '  memory, and the  ' E '  memory must a l l  be sequen t i a l ly  

appl ied t o  the  inputs  of the  same s h i f t  r e g i s t e r .  

o r  time-sharing problem i s  solved by t h e  address command processor. Its 

funct ion i s  t o  process an address command from the  master con t ro l l e r ,  t o  

s e l e c t  the  proper r e g i s t e r ,  and t o  channel t he  contents  of t he  se lec ted  

r e g i s t e r  t o  the  DC s e t  terminals  of the s h i f t  r e g i s t e r .  

This multiplexing 

The ACP i s  shown i n  Figure 13. Whenever a 1ogic 'bne"is appl ied to 

poin t  1, the word contalned i n  the  se lec ted  r e g i s t e r ,  e .g . ,  el(KT), 

appears a t  the  outputs  marked D, E, and F. The D output i nd ica t e s  t h e  

s ign  of the se l ec t ed  output which i s  m u l t i p l i e d  by the  s ign  of the  

c o e f f i c i e n t ,  a,. 

and a"on&'to represent  a negative value,  one observes t h a t  the  output 

of an exclusive-or ga te  c a r r i e s  t he  proper sign f o r  mul t ip l ica t ion .  

By allowing a "zero" t o  represent  a pos i t i ve  value 

The s ign  output,  along wi th  D and E, cannot appear a t  the  output 

u n t i l  po in t  16 rece ives  a pos i t i ve  pulse  which loads the  data  i n t o  the  
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s h i f t  r e g i s t e r .  A pos i t i ve  pulse  implies t h a t  t he  normal l e v e l  a t  

po in t  16 i s  a log ic  "zero." 

t o  a l og ic  "one" u n t i l  a load pulse  i s  received. 

t i o n a l  information can be introduced i n t o  t h e  s h i f t  r e g i s t e r  s ince  the  

DC terminals  of t he  s h i f t  r e g i s t e r  w i l l  be a t  l og ic  ''one." 

This i n  turn clamps t h e  output of t he  ACP 

Therefore no addi- 

The ACP a l s o  handles the  information s to red  i n  the  'A'  and 'Bl 

memories. The load pulses f o r  t he  'A' and 'B' memories a r e  appl ied a t  

po in t s  14 and 15 respec t ive ly ,  and i n  t h i s  case,  these  same pulses  a l s o  

serve  t o  address  the  two memories. 

F. Mul t ip l i ca t ion  Logic 

Whenever a number [e.g.  el(KT-2T)] i s  entered i n t o  the  s h i f t  r e g i s -  

t e r ,  i t  i s  mul t ip l ied  by a c o e f f i c i e n t  [e,g.  a*] by s h i f t i n g  and accumu- 

l a t i n g  t h i s  number i n  the  manner discussed i n  previous sec t ions .  Tbe m a s -  

t e r  c o n t r o l l e r  i n i t i a t e s  seventeen accumulate pulses  and s ix t een  s h i f t  

pu lses .  The purpose of the  mul t ip l i ca t ion  log ic  i s  t o  ensure t h a t  a l l  

o f  these  pulses  a r e  processed i n  the  co r rec t  manner. 

The inputs  from the  master c o n t r o l l e r  a s  shown i n  Figure 14 con- 

s i s t  of a s e r i e s  of a l t e r n a t i n g  accumulate and s h i f t  pulses .  This i s  

t o  say t h a t  input  J f i r s t  rece ives  a pulse ,  then K rec ieves  one, and 

then the  process i s  repeated f o r  the  remainder of t he  inputs .  

The s h i f t  i npu t s  a r e  normally a t  l og ic  "zero:' and the re fo re  one 

can see  t h a t  a change occuring a t  any of t hese  inputs  w i l l  produce a 

change a t  t he  common s h i f t  output .  The same i s  t r u e  f o r  the  accumulate 

inpu t s  whenever the  c o e f f i c i e n t  switch input  f o r  t h a t  p a r t i c u l a r  g a t e  i s  

a t  l og ic  "one. 
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If a i s  given t o  be 1.0101 f o r  example, it i s  des i red  t o  have 2 

an accumulate output  only from the  f i r s t ,  t h i r d ,  and f i f t h  input  ac- 

cumulate pulses .  Therefore, t h e  outputs  from the  c o e f f i c i e n t  switches 

must be a t  log ic  'lone" t o  allow these  pulses  t o  pass, and t h e  o the r  

ou tputs  should be a t  l og ic  "zero" t o  d i sab le  a l l  o the r  s i m i l a r  ga tes .  

G. Coef f ic ien t  Switches 

In  the  preceding sec t ion ,  t he re  was only one input  from the  coef- 

f i c i e n t  switches,  and y e t  t h i r t e e n  d i f f e r e n t  c o e f f i c i e n t s  must use  

t h i s  same input .  The t i m - s h a r i n g  log ic  involved i s  implemented a s  

shown i n  Figure 15. 

It can be seen t h a t  when a given enable input  i s  a t  l og ic  "one," 

t h e  l e v e l s  of t h a t  row of c o e f f i c i e n t  switches appear a t  the  outputs .  

But i f  the  input  i s  changed t o  a l og ic  "zero," t he  pos i t ion ing  of t h a t  

row of switches w i l l  have no e f f e c t  on the  output .  

I n  a c t u a l  opera t ion  only one inpbt  a t  any given i n s t a n t  of time 

w i l l  be a t  log ic  "one." In  t h i s  way, the  master c o n t r o l l e r  can a c t i -  

v a t e  any given c o e f f i c i e n t  upon command. 

assoc ia ted  wi th  each c o e f f i c i e n t  is: 

a2, twelve b i t s  p l u s  s ign;  and thc remainder of the  coegf ic ien ts ,  sev- 

enteen b i t s  p lus  s ign.  The above r e so lu t ion  should be suf f ic ien t . .  

The number of b i t s  o r  switches 

aoJ  s ix  b i t s  p lus  s ign ;  a and 1 

H. Truncation Logic 

It was s t a t e d  i n  a previous s e c t i o n  t h a t  t h e  accumulator requi red  

a t o t a l  of t h i r t y - s i x  s tages  wi th  twenty-two of t hese  located t o  the  
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r i g h t  of t h e  b inary  po in t .  

t i o n s ,  e .g . ,  t h e  computation of e2(KT), t h e  number i n  t h e  accumulator 

i s  s to red  i n  t h e  proper r e g i s t e r .  It i s  l o g i c a l  t o  assume t h a t  some 

of t h e  l e s s  s i g n i f i c a n t  b i t s  t o  t h e  f a r  r i g h t  of t h e  b inary  po in t  may 

be omitted before t h e  output i s  stored,without g r e a t l y  a f f e c t i n g  t h e  

system. 

attempt were made t o  s t o r e  a l l  of t h e  b i t s ,  t h e  accumulator and s h i f t  

r e g i s t e r  s i z e  would have t o  inc rease  by about s i x t e e n  b i t s  each t i m e  a 

new product was ca l cu la t ed .  

Af t e r  a series of mul t ip l i ca t ions  and addi- 

The a b i l i t y  t o  do t h e  above i s  almost a n e c e s s i t y  s ince  i f  an  

Figure 16 i l l u s t r a t e s  i n  genera l  how an  output i s  t runca ted .  The 

number of b i t s  requi red  t o  t h e  l e f t  of the b inary  poin t  f o r  a given 

output can be determined f o r  normal opera t ing  conditions.  But i f  an  

extreme input  causes a 1ogic"one"to appear t o  t h e  l e f t  of t h e  expected 

range and log ic  "zeros" t o  appear a t  t he  normal outputs,  then t h e  

system a c t s  l i k e  an open loop and can go uns tab le .  It is  f o r  t h i s  

reason t h a t  combinational l o g i c  has been devised a s  shown i n  Figure 16 

t o  avoid t h i s  s i t u a t i o n .  

t h e  expected range, a l og ic  "OIE" is  appl ied  t o  a l l  of t he  r egu la r  

ou tputs .  

Whenever a l og ic  "one" appears ou t s ide  of 

There a r e  six p laces  where quan t i za t ion  o r  t runca t ion  can be 

r e a l i z e d  excluding the  input ,  a s  shown by the  hexagons i n  Figure 5. 

The ques t ion  now i s  how many b i t s  may be omitted a t  any given point .  

The f i r s t  s t e p  i n  answering t h i s  ques t ion  was t o  use the  D(z) given 

below as a guide l ine  i n  designing t h e  system. 
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z2 .-. 1.72372 + 0.9162 

z2 - 1.37772 + 0,5316 
D(z) = z2 -. 1.96082 + ,9616 

z2 - 1.94882 + .9512 
X 

z - .9960 
z - .9980 

A computer program subrout ine s imulat ing t h i s  compensator was writ ten and 

i n s e r t e d  i n t o  a pre-es tab l i shed  master program simulat ing t h e  f l i g h t  

dynamics of the  Saturn V [15]. In e f f e c t  t he  system shown i n  Figure 1 i s  

simulated e n t i r e l y  by one computer program. Then the  e f f e c t s  of  var ious  

quan t i za t ion  techniques on the  complete system could be analyzed and 

then  changed u n t i l  the  proper time response was obtained. 

A s  an i l l u s t r a t i o n ,  e2 ' (KT) r equ i r e s  f i v e  b i t s  t o  t h e  r i g h t  of  t h e  

b inary  poin t  and nine magnitude b i t s  t o  the  l e f t ,  The equat ion 

5 A X = 3 2 = 2  

l i s t e d  i n  Appendix A under Compensator Subroutine implies  t h a t  t h e r e  

a r e  5 h i t s  t o  the  r i g h t  of the  b inary  point ,  and the  equat ion 

14 BX =16383. /AX =(2 -1 ) /AX 

impl ies  t h a t  t h e r e  a r e  14-5=9 b i t s  l e f t  o f  t he  b inary  point .  

i s  a subrout ine which performs t h e  quan t i za t ion  t h a t  i s  programmed i n t o  

t h e  subrout ine f o r  t h e  D(z) by 

There 

i n s e r t i o n  of "Call Round" statements.  

Figure 5 g ives  the  t o t a l  number of b i t s  p lus  t h e  number of b i t s  t o  

the  r i g h t  of t he  b inary  poin t  ( b i t s  t o  t h e  r i g h t  of the  b inary  poin t  

i s  abbreviated a s  B.R.B.P . )  f o r  each poin t  of truneaticm o r  quant iza t ion  

wi th in  the  system. 



I. 'A'and 'B' Memories 

A s  s t a t e d  i n  Chapter I1 t h e  value of X i s  f i r s t  ca l cu la t ed  and 

s to red .  The accumulator i s  then r e s e t  and t h e  va lue  of Y i s  ca l cu la t ed  

and s to red .  The s torage  u n i t s  f o r  X and Y a r e  t h e  'A '  and 'B' memories 

r e spec t ive ly ,  which a r e  both cons t ruc ted  a s  shown i n  Figure 17. 

e n t r y  i n  t h i s  case  i s  made through t h e  set and r e s e t  input  te rmina ls  

with the  occurrence of a clock pulse.  Whenever a p o s i t i v e  pulse  occurs 

Data 

a t  t h e  common r e s e t  terminal,  a l l  of  the f l i p - f l o p s  a r e  r e s e t  t o  the  

"zero" s t a t e .  

J. Input Se lec t  Logic 

Figure 6 might imply t h a t  t he  inpu t s  t o  the  compensator a r e  always 

i n  analog form, but s ince  t h i s  device is  t o  be a labora tory  model, i t  

may be des i red  t o  bypass the  A/D and have a d i r e c t  d i g i t a l  input .  It 

i s  the  t a s k  of t he  input s e l e c t  l og ic  t o  provide the  above c a p a b i l i t y .  

Switch B i n  Figure 18 i s  a s e l e c t  switch between t h e  d i g i t a l  ou t -  

put from the  A/D and the  d i r e c t  d i g i t a l  input .  

s e l ec t ed  input  i s  fed i n t o  the  input  of t he  el(KT) r e g i s t e r .  

In  e i t h e r  case the  

Before proceeding wi th  a c t u a l  opera t ion  of t he  e n t i r e  s y s t e q a l l  

of the s torage  r e g i s t e r s  and f l i p - f l o p s  w i t h i n  the  compensator must be 

r e s e t .  Ord ina r i ly  t h i s  would involve r e s e t i n g  each f l i p - f l o p  wi th  t h e  

a i d  of the DC r e s e t  terminal,  but t h i s  method i s  awkward because of  t he  

g r e a t  number of memories involved. Instead,  !h i t ch  A i n  Figure 18 i s  

set t o  log ic  "zero" which i n  t u r n  clamps all of t h e  inpu t s  t o  t h e  el(KT) 

r e g i s t e r  t o  log ic  "zero." The sampling clock is  then  turned on f o r  a 

36 
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Fig. 18 --Input  Selec t  Logic 
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few seconds a f t e r  which a l l  of the  f l i p - f l o p s  a r e  reset s ince  a s e r i e s  

of zero inpu t s  was processed by the  system wi th  D(z) = f 1.0.  

K. Manual Se lec t  Logic 

For any given input ,  the  outputs ,  e2(KT), e,'(KT), and e,"(KT), 

a r e  presented t o  the  input  of the  manual s e l e c t  l og ic  wi th in  a few 

microseconds of each o the r .  

t h ree  switches a s  shown i n  Figure 19. 

desired output  i s  set t o  log ic  "one," and t h e  o the r  two switches a r e  

s e t  t o  l og ic  "zero." 

output .  

The manual s e l e c t  l og ic  i s  cont ro l led  by 

The switch corresponding t o  the  

I n  t h i s  way, only the  des i red  s i g n a l  reaches t h e  

Although the  compensator w i l l  not  be b u i l t  t h i s  way, it can be 

seen from the  above d iscuss ion  and Figure 6 t h a t  t h ree  outputs  from a 

second, four th ,  and s i x t h  order  compensator could be obtained almost 

simultaneously.  This c a p a b i l i t y  could be of some value i n  fu tu re  

app l i ca t ions .  

L. Master Cont ro l le r  

Up u n t i l  t h i s  po in t  each log ic  network has been explained sepa ra t e ly  

i n  terms of what funct ion i s  performed when an input  i s  e i t h e r  a s e r i e s  

of  pu lses  o r  a log ic  leve l ,  but no mention has been made a s  t o  the  

o r i g i n  of these  s igna l s .  It i s  the  purpose of the  master c o n t r o l l e r  t o  

i s sue  these  commands and t o  ensure t h a t  information i s  being processed 

i n  the  co r rec t  sequence and manner throughout t he  system. Due t o  i t s  

involved nature ,  t h e  master con t ro l l e r ,  shown i n  Figure 20, w i l l  be 

explained a s  a u n i t  unto i t s e l f  before  d e t a i l i n g  how it opera tes  on the  
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o the r  networks. 

mentioned technique of s h i f t i n g  a log ic  "one" through t h e  r e g i s t e r .  I n  

order  t o  f a c i l i t a t e  t h e  explana t ion  of t h e  l o g i c  func t ions ,  each of t h e  

f l i p - f l o p s  and outputs  a r e  numbered a s  n e a r l y  a s  poss ib l e  i n  the  order 

i n  which they  go t o  t h e  one s t a t e ,  o r  have a log ic  "one" a t  i t s  set 

output .  

Each of t he  s e t s  of s h i f t  r e g i s t e r s  uses  t h e  prev ious ly  

It can be seen t h a t  po in t  B i s  the output of a fourteen-input 

NAND gate .  I ts  inpu t s  a r e  derived from the set outputs of f l i p - f l o p s  

t h i r t y - f i v e  through th i r ty -n ine ,  fo r ty - th ree  through fo r ty - s ix ,  f i f t y  

through f i f t y - t h r e e ,  and s ix ty - f ive .  When t h e  above f l i p - f l o p s  a r e  

a l l  i n  the 'kerol ' s ta te ,  t he  output of t he  b i g  NAND ga te  i s  a log ic  "zero." 

But i f  any one of those  f l i p - f l o p s  i s  i n  the  "one" s t a t e ,  then the out- 

put i s  a log ic  ''one." 

s i g n a l  f o r  the output from poin t  A. I n  o the r  words the  pulses  from 

po in t  A w i l l  reach delay-mult ivibrator  number one only when the  output 

of t he  fourteen-input NAND ga te  is  a t  a l og ic  "one." 

This output i s  used a s  an enable o r  d i sab le  

Since t h e  continuous c lock  i s  always appl ied  t o  the c o n t r o l l e r ,  

some means must be found t o  d i sab le  t h i s  clock, set f l i p - f l o F  one t o  

t h e  "one" s t a t e ,  and then  enable t h e  clock again.  I f  f l i p - f l o p  one 

were r e s e t  without  stopping the clock, then  t h e r e  i s  a good 

p o s s i b i l i t y  t h a t  s e v e r a l  of t h e  f i r s t  few f l i p - f l o p s  would be s e t  t o  

t he  "one" s t a t e  when only one such f l i p - f l o p  i s  des i red .  Now when the  

input  t o  de lay-mul t iv ibra tor  "one" experiences a l og ic  "zero" t o  "one" 

t r a n s i t i o n ,  t h e  t h r e e  delay elements produce output pu lses  a s  shown in  

Figure 21. The a s s e r t i o n  output of number one t r i g g e r s  t h e  input t o  
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number two while the  negation output i s  simultaneously d i sab l ing  the  

continuous clock.  The output of number two t r i g g e r s  t h e  input  of number 

th ree ,  whose negat ion output i n  t u r n  sets f l i p - f l o p  one i n  the'bne" 

s t a t e .  

one r e tu rns  t o  log ic  "one" thereby enabling the  continuous clock again. 

Number two i s  in se r t ed  t o  ensure t h a t  t he  clock i s  disabled before the  

f l i p - f l o p  i s  s e t .  

f l i p - f l o p  th i r ty - fou r .  For the  moment the  log ic  between f l i p - f l o p s  

t h i r t e e n  and fourteen can be ignored. 

through f l i p - f l o p  th i r ty - fou r ,  a pulse  appears a t  point  A s ince  the  other  

After  t h i s  has occurred, t he  wide negat ion pulse  of number 

This "one" s t a t e  i s  clocked down t h e  l i n e  through 

Now when the  1ogic"one" passes 

inputs  t o  the  four-input NAND ga te  a r e  a t  l og ic  "one." I f  f l i p  f lop  

t h i r t y - f i v e  was previously i n  the  "one'1 s t a t e ,  t he  pulse a t  point  A 

would send i t  t o  the  "zero" s t a t e  and simultaneously send f l i p - f l o p  

t h i r t y - s i x  from the  "zero" t o  the  "one" s t a t e .  

a l s o  a c t i v a t e  the  th ree  delay-mult ivibrators  which would r e s e t  f l i p -  

f l op  one t o  the  "one" s t a t e  and repea t  the  cycle .  

This same pulse would 

The cycle  i s  temporarily discontinued whenever f l i p - f l o p  f o r t y  

11 goes t o  t h e  

input  ga te  a r e  a t  l og ic  "one," i t s  output i s  a t  log ic  "zero," and there-  

fo re  the  ga te  con t ro l l i ng  the  input  t o  delay-multivibrator one i s  d i s -  

abled.  However, when f l i p - f l o p  f o r t y  goes t o  the  "one" s t a t e ,  t h i s  

means t h a t  t he  s e t  output goes t o  1ogic"one. 

t he  wire  connected t o  the  s e t  output permits the ga te  con t ro l l i ng  the  

continuous clock input  f o r  f l i p - f l o p s  forty-one and forty-two t o  be ena- 

one" s t a t e  because now a l l  of t he  inputs  t o  the  fourteen- 

11 When the  above occurs, 

b l e d .  F l ip- f lop  forty-one, along with f l i p - f l o p s  for ty-e ight ,  f i f t y -  
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f ive ,  and sixty-seven, had been s e t  t o  t he  one s t a t e  when the  log ic  

"one"had passed through f l i p - f l o p  t h i r t y - s i x .  So the  log ic  "one" i s  

s h i f t e d  out  of f l i p - f l o p  forty-one and through f l i p - f l o p  forty-two 

whenever the  continuous clock ga te  i s  enabled. Now when t h e  r e s e t  

output of f l i p - f l o p  forty-two underwes  a one-zero-one type t r a n s i t i o n ,  

a pulse  i s  once again generated a t  po in t  Awhich s h i f t s  the  log ic  "one" 

out  of € l i p - f l o p  f o r t y  and i n t o  for ty- three .  In the process,  € l%p-f lop  

one i s  a l s o  s e t  t o  the"one"state and the  cycle  i s  repeated u n t i l  f l i p -  

f l op  forty-seven i s  reached. A t  t h i s  po in t  and a l s o  a t  f l i p - f l o p  f i f t y -  

four ,  t he  same type procedure i s  c a r r i e d  out  a s  previously described. 

A t  t h i s  point ,  t he  master c o n t r o l l e r  w i l l  now be examined i n  r e -  

l a t i o n  t o  a c t u a l  system funct ions.  The sampling clock runs a t  a r e l a -  

t i v e l y  s l o w  frequency. I ts  output i s  fed i n t o  a delay-mult ivibrator  

whose output i n  t u r n  cons i s t s  of a s e r i e s  of sho r t  pulses  with the  same 

period a s  the  input .  

whenever desired.  The purpose of t he  sampling clock i s  t o  s e t  f l i p -  

Switch A i s  provided t o  i n h i b i t  the flow of pulses  

f l o p  t h i r t y - f i v e  t o  the  one s t a t e  a t  such i n t e r v a l s  a s  t o  allow the  

complete cycle  t o  occur before r e s e t i n g  the  f l i p - f l o p  t o  the"one"state 

again.  

a sampling clock pulse  i s  appl ied,  then output t h i r t y - f i v e  experiences 

a log ic  "one-to-zero" t r a n s i t i o n ,  and output B undergoes a reverse  

I f  a l l  of the  f l i p - f l o p s  a r e  i n i t i a l l y  i n  t h e ' h e r d ' s t a t e  and 

t r a n s i t i o n  which t r i g g e r s  the  delay-mult ivibrators .  This i s  the  only 

case i n  which the  output of t he  fourteen-input NAND gate  i s  used a s  a 

t r i g g e r i n g  s igna l .  

Figure 12 .  

Output t h i r t y - f i v e  i s  connected t o  terminal  B i n  

This terminal  provides the  i n i t i a l  s h i f t  required fo r  t h e  



46 

storage registers since the input, e (a), is obtained at a later time. 
The logic "one" is shifted also through the first thirty-four flip- 

flops with no other effect than transferring flip-flop thirty-six from 

the 'Lerd' to the "one" state. 

el'(KT-T) storage register and prepares el'(KT-T) for entry into the 

storage register. 

in Figure 15 which allows the coefficient 

multiplication logic. 

value to be multiplied together have been selected, flip-flop one loads 

the contents of the el'(KT-T) storage register into the shift register. 

Then flip-flops two through thirty-four provide alternating accumulate 

and shift pulses during which the number in the shift register is actu- 

1 

Now, output thirty-six addresses the 

This same output also addresses the proper terminal 

all to operate on the 

After both the proper coefficient and sampled 

ally accumulated only when the input gates of Figure 14 have been 

enabled by the switches corresponding to the coefficient, all. 

effect, flip-flops two through thirty-four have controlled the multi- 

plication of a ' by el'(KT-T). 1 

In 

Outputs thirty-seven, thirty-eight, and thirty-nine perform the 

same type operation on e '(KT-2T), e2'(KT-T), and e '(KT-2T) and their 

corresponding coefficients. 

the accumulator, which represents the value of X. 

shifts X out of the accumulator and stores it in the'A'memory. 

forty-two resets the accumulator. 

1 2 
The sum of these products is stored in 

Output forty-one 

Output 

Outputs forty-three through forty-six and fifty through fifty-three 

perform the computations of Y and W respectively in a similar manner. 

However, when the value of W is calculated, it is not stored as X and 
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Y were but remains i n  the  accumulator f o r  t h e  time being. 

f i f t y - f i v e  through sixty-two furn ish  t h e  e i g h t  pulses  required f o r  t h e  

ana log- to-d ig i ta l  conversion process. Output s ix ty- three  s h i f t s  t h e  

value of el(KT) out  of t he  A / D  and i n t o  t h e  el(KT) s torage r e g i s t e r .  

Outputs 

The A/D i s  then r e s e t  and prepared f o r  t he  next sampling per iod by 

output s ix ty- four .  

Now t h a t  a new value of el(KT) has been obtained 

put s ix ty - f ive  addresses t h e  e (KT) s torage  r e g i s t e r ,  

addresses  the  s e t  of c o e f f i c i e n t  switches con t ro l l i ng  

1 

by the  system, out- 

and it  a l s o  

t h e  value of ao. 

Output one then loads the  contents  of t he  e BKT) r e g i s t e r  i n t o  the  s h i f t  

r e g i s t e r ,  and s ince  a i s  t o  have s i x  b i t s  p lus  s ign,  only outputs  two 

through t h i r t e e n  operate  on the  mul t ip l i ca t ion  logic .  

1 

0 

A s  soon a s  the  product of a. and el(KT) is ca lcu la ted ,  it i s  

desired t o  have an output ,  e211(KT), almost immediately. This i s  the 

reason fo r  t he  log ic  i n s t a l l e d  between f l i p - f l o p s  t h i r t e e n  and fourteen 

which a l l o w s  the log ic  "one," being sh i f t ed  through the r e g i s t e r s ,  

t o  bypass f l i p - f l o p s  fourteen through th i r ty - fou r  and t o  appear d i r e c t l y  

a s  an output a t  point  A. I f  t h i s  were not done, a c e r t a i n  amount of 

unnecessary propagation time would be introduced i n t o  the  system. 

the  l a s t  pulse 

When 

appears a t  po in t  A, it causes f l i p - f l o p  s ix ty - s ix  t o  

enable the  continuous clock ga te  f o r  f l i p - f l o p s  sixty-seven through 

seventy-four. 

Output sixty-seven s h i f t s  t he  value of e2(KT) out  of t he  accumu- 

l a t o r ,  through t h e  reduct ion log ic ,  and i n t o  the  el'(KT) s torage  r e g i s t e r .  

This output i s  a l s o  made ava i l ab le  t o  t h e  input  of t he  manual select 
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l o g i c .  The s h i f t  r e g i s t e r  i s  a l s o  c leared  by output  sixty-seven. 

The value of X which i s  s tored  i n  memory ' A '  i s  entered d i r e c t l y  

i n t o  the s h i f t  r e g i s t e r  by output  s ix ty -e igh t  through the  use of t e r m i -  

n a l  14 i n  Figure 13.  This same output a l s o  r e s e t s  some of  the l e s s  

s i g n i f i c a n t  s tages  of  t he  accumulator t o  the "zero" s t a t e ;  t h i s  i s  tan-  

tamount t o  t runca t ing  the  value of el ' (KT),  t he  input  t o  the  second 

s t age .  The value of  X i s  then accumulated by a pulse  from output s ix ty -  

nine.  The s h i f t  r e g i s t e r  i s  then c leared  by output  seventy using the  

common r e s e t  terminal  i n  Figure 10. Also t h i s  same output t runca te s  

' ( K T ) .  The accumulator conta ins  the value of e ' (KT) ,  which i s  

s h i f t e d  i n t o  the  e "(KT) r e g i s t e r  by output  seventy-one. It i s  a l s o  

s h i f t e d  through the  t runca t ion  log ic  t o  the  input  of t he  manual s e l e c t .  

In  addi t ion ,  output seventy-one r e s e t s  c e r t a i n  s tages  of the  accumula- 

t o r  and thereby t runca te s  the  value of e "(KT), t he  input t o  the  t h i r d  

s tage .  

e 2  2 

1 

1 

The value of  Y which i s  s tored  i n  the  ' B '  memory i s  entered i n t o  

the  s h i f t  r e g i s t e r  by output  seventy-two being appl ied t o  terminal  15 

i n  Figure 1 3 .  Output seventy-three t runca te s  c2"(KT) and a l s o  c l e a r s  

t he  s h i f t  r e g i s t e r .  Output seventy-four s h i f t s  e "(KT) through the 

t runca t ion  log ic  t o  the  input of the  manual s e l e c t  l og ic  and a l s o  the  

accumulator i s  p resen t ly  r e s e t  t o  prepare the  system f o r  t h e  next 

sampling per iod.  

2 



IV. THEORETICAL RESULTS 

A .  System Response 

The purpose of  t h e  D(z), a s  s t a t e d  i n  the  in t roduct ion ,  i s  t o  

provide compensation f o r  t he  hybrid s imulat ion of the  Saturn V t h r u s t  

vec tor  c o n t r o l  system. The ex ten t  t o  which i t  accomplishes t h i s  i s  

determined by s imulat ing the  system w i t h  a computer program and then  

c r e a t i n g  c e r t a i n  d is turbances  so t h a t  t he  system response i n  r e tu rn ing  

t o  the  s t a b l e  s t a t e  could be observed. A program f o r  t he  f l i g h t  dynam- 

ics  was (see Appendix A)  u;ed i n  conjunction with a program f o r t h e D ( z ) ,  

t o  - s imula te  the  complete system [ 151. 

Figure 22 g ives  a p l o t  of t h e  e r r o r  s igna l ,  0,, i n  degrees versus  

t i m e .  This response was obtained us ing  t h e  f i f t h -o rde r  compensation 

func t ion  given below and an i n i t i a l  condi t ion  on 0 of t en  degrees 1151. 

- z2-1.7237z+O.9162 z2-1.9608z+0.9616 
22- 1.94882+0.95 12 (” - 22- 1.37 772+0.53 16 

z - 0.9960 
z - 0.9980 

It can be observed t h a t  t h e  s e t t l i n g  t i m e  i s  20 sec.  Near 

the  end of  t h e  f l i g h t  simulation, 0, i s  below one t e n t h  of  a degree.  

Figure 23 gives  t h e  time response of t h e  system us ing  t h e  s i x t h -  

order  func t ion  given below: 

D ( ~ )  = z2-1.88z-k.948 z2-1.517~+.888 z2- 1.988z-k. 9884288 
~2-1 .559~+.60598 ~2-1.453~+.51906 22-1.50256~f.5032742’ 
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The ga in  f o r  t h i s  case  i s  1.69 in s t ead  of 1.0 a s  before.  Also t h e  

feedback term e2'(KT) is reduced f roms ix teen  b i t s  p lus  s i g n  wi th  

f i v e  b i t s  t o  the r i g h t  of t h e  b inary  poin t  t o  e leven b i t s  p lus  s i g n  

wi th  zero  b i t s  t o  t h e  r i g h t  of the b inary  point .  

response was improved when these f i v e  b i t s  t o  the  r i g h t  of t he  b inary  

poin t  were not used. 

It was found t h a t  t h e  

The f i n a l  value of fld was approximately one h a l f  of a degree, 

which i s  not a s  good a s  the f i r s t  case due a t  l e a s t  i n  pa r t  t o  the 

f a c t  t h a t  t he  s ix th-order  func t ion  has inherent  p rope r t i e s  which make 

i t  d i f f i c u l t  t o  r e a l i z e  under any condi t ions .  Also, the D(z) was de- 

signed us ing  t h e  f i f t h - o r d e r  func t ion  a s  a gu ide l ine  t o  eva lua te  system 

performance. 

B.  Sampling Frequency and Delay Considerations 

The maximum sampling frequency requirement i s  25 Hz, but t h e  

machine i s  capable of opera t ing  much f a s t e r .  Figure 4 i l l u s t r a t e s  t h a t  

t he  minimum sampling period i s  equal t o  Tc + Tx + T + Tw. 
Y 

The maximum Tc i s  the time requi red  f o r  the log ic  "one" t o  t r a v e l  

from f l i p - f l o p  f i f t y - f i v e  t o  f l i p - f l o p  seventy-four i n  Figure 2Q This 

propagation time i s  determined by t h e  frequency of t he  continuous clock 

which has a period of t e n  microseconds. This value i s  chosen t o  allow 

t h e  accumulator s u f f i c i e n t  time t o  process i t s  c a r r y  s igna l s .  The 

va lue  of Tc i s  found t o  be equal t o  0.46 mil l i seconds .  

t h e  time delay between input and output; and i s  s m a l l  compared 

w i t h  a normal sampling period of 40 milliseconds.  

Tc r ep resen t s  
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The time required f o r  the  log ic  one t o  reach f l i p - f l o p  f i f t y -  

four  i n  Figure 20 i s  equal t o  Tx + T 

Therefore t h e  minimum sampling period i s  approximately 5.5 mill iseconds,  

o r  the  maximum sampling frequency i s  182 Hz. 

+ %, which i s  4.95 mill iseconds.  Y 
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V. USE OF THE COMPENSATOR AS A PIECE 
OF LABORATORY EQUIPMENT 

This chapter  i s  intended t o  give  a person n o t  f a m i l i a r  w i th  d i g i t a l  

equipment a step-by-step procedure f o r  s e t t i n g  up any des i red  compensa- 

t i o n  funct ion.  The D(z) t o  be r e a l i z e d  should be i n  the  form given 

below, where A0 i s  used to vary  the  DC gain.  

c) 

D(z) = AOz2-Alz+A2 z2-A1Pz+A2P I zL -AlPPz+A2PP (20) 
22- BlzfB2 22 - B 1 PzfB2 P 22- BlPPz+B2PP 

These c o e f f i c i e n t s  a r e  then  fed  i n t o  a computer program given i n  

Appendix B; t h i s  program converts them t o  b inary  numbers. These binary 

numbers then  denote how each of  t he  c o e f f i c i e n t  switches i n  Figure 24 

a r e  t o  be set. 

be s u f f i c i e n t .  I f  A0 i s  d i f f e r e n t  from 4-1, then  t h e  corresponding 

va lues  of A 1  and A2 must be mul t ip l ied  by AO. For ins tance ,  i f  A 0  

were 1.5, then  t h e  va lue  of  A 1  and A2 entered i n t o  t h e  computer program 

would be AOeAl’r and AO.A2*, where t h e  a s t e r i s k  i n d i c a t e s  t h e  value of  

A 1  and A2 a s  they appear i n  E q .  (20) .  

compensator a r e  given i n  Appendix B. 

A0 has  an approximate range of 22  which should 

The s e t t i n g s  f o r  t he  f i f t h -o rde r  

The type of  input  des i r ed  i s  s e l e c t e d  us ing  t h e  ind ica ted  switch,  

on the  c o n t r o l  pane l  a s  s h m n  i n  Figure 24. 

t o r  t o  be r e a l i z e d  i s  determined by the  t h r e e  switches marked manual 

select  log ic .  The switch corresponding to t h e  des i r ed  output  must be 

The o rde r  of  t he  compensa- 
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i n  the  ON pos i t i on ,  and the  o ther  two must be i n  the  OFF pos i t i on .  

A s  a l a s t  considerat ion,  i t  should be noted t h a t  t he  sampling and con- 

t inuous c lock  frequency can be var ied .  

The sequence of events  t o  be followed i n  s e t t i n g  up a compensation 

funct ion i s  a s  follows: 

1) Connect t h e  des i red  input  and pos i t i on  the  input  s e l e c t  

switch accordingly.  

2 )  Connect the analog output .  

3) Using the  output s e l e c t  switch,  p ick  the  des i red  output .  

4 )  Adjust the  continuous clock and sampling frequency con t ro l s .  

5) Set the  power switch t o  t he  ON pos i t i on .  

6 )  Set  the c o e f f i c i e n t  switches f o r  D(z) = + 1.0. 

7)  Set the system r e s e t  switch t o  the  ON pos i t ion .  

8 )  Set the  sampling clock switch t o  the  ON pos i t i on  f o r  f i v e  

seconds and then s e t  i t  t o  t h e  OFF pos i t i on .  

9)  S e t  the  system r e s e t  switch t o  the  OFF pos i t ion .  

10) Using the computer program, s e t  t he  c o e f f i c i e n t  switches t o  

t h e  c o r r e c t  pos i t i ons .  

11) Set  the  sampling clock switch t o  the  ON pos i t i on  and system 

opera t ion  begins.  

I f  the  system operat ion i s  not  s a t i s f a c t o r y ,  it may be necessary 

t o  rearrange the  pos i t ion ing  of some of the  terms i n  Eq. 20. This man- 

i p u l a t i o n  sometimes proves advantageous a s  a r e s u l t  of the  method by 

which the  i n t e r n a l  t runca t ion  was r ea l i zed .  



VI. CONCLUSIONS 

The machine a s  presented here  should serve a s  a u s e f u l  t o o l  f o r  

one involved i n  the  t a s k  of determining which compensation funct ion i s  

optimum f o r  a given system. I n  t h i s  respec t  the  device has  the  pos- 

s i b l e  l i m i t a t i o n  t h a t  the  des i r ed  optimum compensation funct ions may 

not  be r e a l i z a b l e  with the machine. This r e s u l t s  from the  necessary 

u t i l i z a t i o n  of one func t ion  a s  t he  main guide l ine  i n  achieving an 

acceptable  design, although o ther  func t ions  were considered t o  provide 

maximum c a p a b i l i t y .  

Another f a c t o r  which cont r ibu ted  t o  the above problem was t run-  

ca t ion  o r  round-off.  It would appear l o g i c a l  f o r  the compensator t o  be 

more accura te  a s  t he  amount of t runca t ion  was decreased, but t h i s  was 

not always the case,  a s  was c i t e d  i n  Chapter I V .  I n  one example, a 

much b e t t e r  response was obtained when the  number of output  b i t s  from the  

second s tage  was reduced from 17  t o  1 2 .  

The laboratory-or iented s p e c i a l  purpose computer proposed i n  t h i s  

paper i s  v e r s a t i l e  i n  t h a t  i t  can e a s i l y  be adapted t o  serve i n  many 

d iverse  sampled-data systems. 
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APPENDIX A 

FORTRAN SOURCE PROGRAM FOR SIMULATING THE FLIGHT DYNAMICS 
AND COMPENSATOR 

SOURCE DECK 
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C 
C 
C 

C 
C 
C 

C 
C 
C 

N= 14 

T IS THE SAMPLING PERIOD 

DEFINE ELEMENTS OF A M A T R I X  



63  



64 

C COMPUTE PHI(T), THE STATE TRANSITION M A T R I X  
C 
C ITER=NUMBER OF TERMS USED IN TAYLOR SERIES EXPANSION 
C TO CALCULATE PHI(T) 
C 

DO 3 I = l t N  
DO 3 J=l,N 
AN(I,J,l)=A(I,Jl*T 
B(I,J)=A~IIJI*T 

3 C(I,J)=A(I,J)*T 
DO 4 LLz2,ITER 
DO 5 I = l t N  
DO 5 J=l,N 

CALL MATMClL ( A 9 6  v N  t C  1 
DO 6 I=l,R 
DO 6 J=ltN 

5 A(ItJ)=C(I,J)/FLCATItL) 

6 AN(I,J+LL)=C(I+J) 
4 CONTINUE 

DO 7 I=ltN 
DO 7 J=l,N 

7 AI(I9J)=OoO 
DO 8 IzltN 

8 AI(I,I)=l.O 
DO 12 I = l , N  
DO 12 J=IJI\I 

12 AP(I,J)=AI(ItJ) 
DO 15 I z l s N  
DO 15 J=l,N 
DO 15 LL=l,ITER 
AT ( I , J ) = A T (  I t J)+AN( I ,J tLL) 
DO 1'3 I=l,fV 
00 13 J=l,N 

1 5  

1 3  PRINT 14sI9J,AT(IgJ) 
14 F O R M A T ( ~ X J ~ H A T (  ,12,1H,,IZtZH~=E20*8) 

C 
C COMPUTE THE INTEGRAL OF THE STATE TPANSITXON MATRIX 
C 

DO 18 I=l+N 
DO 18 J=1,N 
A I N I I Y J , S ) = A N ( I , J , ~ I ~ T / ~ *  
AI(I,JI=AI(IrJ)*T 
B(IYJ)tAN(I,J,l) 

18 C ( I Y J 1 = A  IN ( I J 9 1 1 
00 20 LI=2,1TER 
L I  L=Lf+l 
DO 19 I=ltN 
DO 19 J=19N 

19 A( I t J  1 =C ( I ,J) /FLOAT ( L  IL 1 
CALL MATMUL f A , B  ,N t C  1 
DO 21 I=19N 
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BDII) IS T H E  PRODUCT OF THE INTEGRATED P M I t T )  M A T R I X  
AND THE E M A T R I X  

DO 2 9  f = l , N  

X ( t i ~ = 1 0 . O  
DEFYPdE A DO-LOOP T O  U P D A T E  T H E  S Y S T E M  STATES AND 
P R I N T  T H E  O U T P U T  S T A T E S  DESIRED A T  EACH SAMPLING 
INSTANT 
JJ= 1 
MM=l 
DO 999  M=192OOl 
K K = M - 1  
TIME=T*FLOAT(KK) 
DO 31 I = l , N  

DO 32 I = l t N  
GO 32 K”1,N 

P H I D = X ( 6 ) + Y P D ( I ) + X ( 8 ~ ~ Y P ~ ( 2 ~ ~ X ~ l O ) + Y P ~ ( 3 ) * x ( l ~ Z ) ~  

29 X l f ) = O i O  

3 1  X 2 ( 1 1 = 0 * 0  

3 2  X 2 : I ) = X 2 ( I ) + A T ( I , K ) * X ( K )  

8 8 8  
3 5  
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Xl(MM)=TIME 
Y 2 ( M M I = E 1 1 1 )  
Y 1  ( M M ) = P H I D  
MM.rMM.1.1 

777  00 3 4  1 - 1  ,N 

DO 36 I = l , N  
3 4  X 2 ( I ) = X 2 ( I ) + B O ( I ) * B E T ~ ~  

3h  X ( I ) = X Z ( I )  
994: C O N T I N U E  

C A L L  P P L O T ( T X 1 ~ X l ~ T Y 1 , Y l ~ N N )  
C A L L  P P L O T f T X l , X l 9 T Y 2 , Y 2 , N N )  
GO TC! 5 0  

E N D  
16 STOP 
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C COMPENSATOR SUBROUTINE 
C 
C THE COEFFICIENTS ARE ENTERED INTO THIS PROGRAM AS 
C FRACTIONS, S I N C E  THEY HAVE BEEP! QUANTIZED. FOR EX. 
C Bj, MUST B E  WRITTEN IN THE FOHM, N/65536r=N/2**16, 
C WHERE N IS  A N  INTEGER, 
c 
C 
S I B F T C  DIGCOM 

SUBROUTINE DIGCOM(A9B) 
C O M M 3 N / C O M f / E l ( ~ ) , E 2 ( 3 ~ ~ E ~ P ( 3 ) ~ E Z F ( 3 1 , E 1 ~ ~ ( ~ ~ ~ ~ 2 ~ ~ ( ~ )  

c COEFFICTFNTS AND GAIN FOR FIFTH-ORDER COMPENSATION 
c F-UNCT ION 

AO=l.O 
A 1 = - 3 5 3 0 * / 2 0 4 8 *  
A2=1877e/2040e 
8 : = - 9 0 2 8 9 . / 6 5 5 3 6 e  
8 2 = 3 4 8 3 9 0 / 6 5 5 3 6 e  
c! I. P = - 1 2 a 5 o 2.  6 5 5 3 6. 
a 2 ~ = 6 3 0 1 7  . ~ 5 5 5 3 6 .  
B1?=-127717./63536. 
8 2 P = 6 2 3 4 1 . / 6 5 5 3 6 r  
AlpP=-65274./65536. 
A2PP=O o 0 
€31PP=-65405./65536. 
82PP=0*0 
.4G=1.0 
EI(l)=A*2550/150 
AX=l.O 
6X=255,0 
CALL ROUND (E141)9ERR,AX,SX) 
E 2 ( 1 ) = A O ~ E 1 ( 1 ) 4 A 1 ~ E l ( ~ ) + A 2 ~ E l ( 3 ) - 8 ~ ~ E Z ~ 2 ~ - B 2 ~ E 2 ~ 3 )  
E l P ( 1  )=E2 1 )  
A X = I  e 0  
BX =5 1 2  / A X  
CALL RO'JND (ElPIl),ERR,AX,BX) 
EZP(l)= E 1 P ~ 1 ) + A l P * E l P ~ 2 ) + A 2 P x E 1 P ~ 3 ~ - ~ l ~ * E 2 P O -  

1 B2P*E2P ! :3 1 
E l  PF f I f = E 2 P (  1 
A X = 3 2 a  
BX=6 5 5 3 5 e / A X  
C A L L  ROUND ( E l P P I l ) J E R R , A X , B X )  
EZPP(1) = ElPP(1)+AlPP*E1PP(2)+A2PP*ElPP(3)-E31PP* 

1 EZPP(21 
J-B2PF*E2PP (3 1 
tODA=E2PP I1 1 
A X = 3 2 r  
BX=lG384./AX 
C A L L  ROUNC (E2(1),ERR,AX,BX) 

A X = 3 2 r  
C TRUNCATION OF E2P(ll FOR FIFTH-ORDER COMPENSATOR 



6 8  

BXz655336 / A X  
CALL R O U N D  ( E Z P ( l ) 9 E R R * A X * B X )  

C 
C T R U N C A T I O N  OF E2P(1) FOR SIXTH-ORDER COMPENSATOR 

AX=1.0 
BX=65536. / A X  
C A L L  ROUND ( E 2 P  ( 1 )  ,ERR , A X  r B Y )  

A Y z 3 2 e  
3 X = 1 6 3 8 4 . / A X  
CALL ROUND (EZPP(I),ERR,AX,BX) 
A X z 8 . 0  
B X = 2 0 4 7 * / A X  
CALL R O U N D  (EODA,ERR,AX,PX) 
B=EOOA*15*/255.*AG 
DO 1 J=1,2 
I = 3 - J  
El(I+l)=E1(1) 
E2(1+1)=E2(I) 
ElP(I+l)=ElP(I) 
EZP(I+ll=EZP(I) 
EIPP(I+l)=ElPP(I) 

RETURN 
END 

c 

1 E2PPt I + l , j = E Z P P (  I )  
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C T H E  F O L L O W I N G  SUBROUTINE PLOTS T H E  V A L U E S  O F  P H I 0  AND 
c E l ( 1 )  VERSUS T I M E  
c 
S I B F T C  PPLOT 

S U B R O U T I N E  P P L O T ( X T I T L € , X T A B L E ~ Y T l t l E , Y T A B L E t N T A B L E I  

DIMENSION Y T A B L E ( N T A B L E ) ~ X T A B L E ( N t A B L E ) , Y f A B ( 3 3 0 1 r  
1 X T A B ( 3 3 0 1 ,  

1 T E M P Y ( 3 3 0 ) , T E M P X ( 3 3 0 ) ~ L L Y ~ 3 3 0 ) , 1 ~ ( 3 3 0 ~ ~  
1 ??-(Ill) 

2 * Y O N  (6 1 r X A C (  7 1 

2 
X I-i tiM / 1 H - / 9 K A S E / 0 / 

2 @ 5  FORMAT ( 10HA$NOHEADER 1 

I3 I MEN 5 I ON Y T I T L E ( 8 

D A T A  PT/lll+lH / rH6 /1H / , ! i H 6 / l H * / , H H H G /  

9 X T I T L E  ( 8 1 9 T I T L ( 2 1 

1 H c  / 9 I iH I /  It4 I 1 9  

W R I T E ( 6 r 2 0 5 )  

K A S € =  KAS E + l  
I P T M = O  
K P L O T = O  
KAX.10 
N T A B L = N T A B L E  
Y M I N = Y T A B L E  ( 1 )  
DO 2 I = 2 $ N T A B L E  

Y M A X = Y T A B L E ( l )  
DO 3 I = Z , N T A B L E  

I T A E ! = l  
N T A B = N T A G L E  

XMIN=XT&BLE ( 3 . 1  
X M A X = X T A B L E ( N T A B )  

I M = l  
DO 10 I = I T A E ! + N T A B  
K E E P =  f T A B  
K T A B = I T A B + l  

2 Z F ( Y T R B L ~ t i ) . L T P Y M I N )  Y M I N Z Y T A B L E ( I I  

3 I ~ ( Y T A O i E ( I ) . G f , Y M A X )  Y M A X = Y T A B L E I T I  

I F ( N T A B L E . G T . 1 1 0 )  N T A B = l l O  

4 K P t O T = K P L O T + l  

DO 5 J = K T A B , M T A B  
5 I F ( Y T A B L E ( J ) . G T * Y T A B L E ( K E & ~ ) )  KEEP=J 

Y T A B ( I ) = Y T A B L E ( K E E P )  
X T A R (  1 ) = X T A B L E ( K E E P )  
Y T A B L E ( K E E P ) = - l r E Z O  

Y S C A L E = ( Y M A X - Y M I N ) / 5 0 *  
X S C A L E = ( X M A X - X M I N I / l l O e  
Y D N  ( 1  f =YMAX 
DO 60 1 ~ 2 9 5  

Y D N ( S ) = Y M I N  
X A C ( l f = X M I N  
X A C ( 7 ) = X M A X  
DO 6 1  1 ~ 2 9 6  

1 0  C O N T I N U E  

60 Y D N ( I ) = Y D N ( I - l ) - Y S C A L € * ~ l ~ O  
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7 1  

IF(LMl/lO+lO~NEeLMI) GO TO 31 
IM=IM+l 
WRITE(691121 YDNffM),PT 

GO TO 29 

WRITEI69100) TITLgPT 
GO TO 29 

27 WR1TE46~105) YMAX9PT 
GO TO 2 9  

22 WRITE(69l.05) YMIN+PT 
2 9  CONTINUE 

30 PT(I)=H6 

112 FORMAT(9X 9 F - 7 r . 2  , 2 X 1 1 1 1 A L  1 

3 1  CONT r NWE 

90 3 0  I = l , l l l  

IF(LINEeLT.50) GO TO 25 
IF(LINE*G1.50) GO TO 40 
DO 35 I=1,11192 

DO 135 I=21,101t20 

GO TO 2 5  
40 CONTINUE 

WRITE(6,110lXAC 
110 F O R M A T ( ~ H O T ~ ~ X ~ F ~ ~ ~ ~ ~ O X ~ F ~ . ~ , ~ ~ ~ F ~ O ~ ~ ~  

WRITE 6,111 ) X T  ITLE 
111 FORMAT P lWOsWX98A6 1 

NTAHL=NTARL-l?O 

35 P T ( l ) ' = H H H 6  

135 PT(:)=HtiI 

IF(KTABL.LE.0) GO T O  50 
XMAX=2e*XMAX-XMIN 
ITAE=ITAE+llO 
XMIN=XTABLE( IT481 

&TAB =N TAB LE 
GO TO 4 

45 NTAB=NTAB+110 
XMAX=XTABLE(NTAB) 
GO TO 4 

IF(NTABtaGEr110) GO TO 45 

50 CONTINUE 
100 FORMAT( 3X 92A693X9111Al 

101 FORMAfllZF6.1) 
102 F O R M A T ( ~ H ~ , ~ H C A S E , I ~ , ~ H * * ~ O F ~ ~ T ~ ~ ~ ~ / / )  
104 FORMAfll2161 

1 0 5  FORMAT(1H 98X9F8e391X9111A1) 
1 0 6  F O R M k T ( 1 H 0 9 1 5 X ~ F 8 . ? ~ 9 9 X 9 F ~ r 3 + ~ ~ ~ 6 ~ X ~ 8 A 6 )  

107 FORMAT(///JLX,~SHSCALE Y-AXIS9E9*3,1OW X-AXIS, 
2 F9.3) 

R E TU R M 
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S I B M A P  

TRAP 

R E S E T  

OUT 

F I X  
MES 

SENTRY 
C 

T R A P  
ENTRY 
A X T  
T R A  
SXA 
C L A  
STA 
C L A  
T S X  
5 TO 
T R A  
PCT 
T R A  
C t A  
A R S  
CBT 
T R A  
T R A *  
S X A  
TSX 
PZE 
A X T  
Z A C  
LRS 
T R A *  
TRA 
BC I 
END 

NODECK~NOCIST+NOREF 
T R A P  
**94 

TRAP-1 94 
8 
RESET+1 
F I X  
SeSCCR t4 
8 
T R A P - 1  
0 

0 
20 

** 

*-E 

*+2 
R E S E T + l  
OUT 9 4 
ScWR I T t 4  
39  ,PIES 
**,4 

35 
0 
RESET 
39 **** UNDERFLOW 

C O A T A  CARDS 
C 
$ ? B S Y S  



APPENDIX 0 

FCRTRAN S O U R C E  PRIGRAM FOR DETERMINING THE POSITIONING OF 
THE COEFFICIENT SWITCHES 

S O U R C E  DECK 
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102 

103 

3 
1 c4. 

THE NCtME O F  T ! iE  COEFFICIENT IS ENTERED I N  COLUMNS 1-49 
A N 3  THE VALUE O F  T H E  C O E F F I C I E N T  IS  ENTERED IN 
COLL'MNS ti-15. THE S b ! I T C H  POSITIONS F O R  THE FIFTH-OEDER 
COMPEXSATOR A P E  G I V E N  B E L O K .  

C 
5 TjTOF 

E N D  
3 EN T F? i' 
A 0  1.0 
A 1  -1 e7237237 
A 2  09162799 
H1 -103777001 
8 2  0 5 3 1 6 0 2 2  
A 1 P  -?e9607921 
A2P e9615409 
61P - 1 r ? 4 8 % 1  
B 2 P  09512492 
A1PP - * 9 9 6 0 0 7 9  
AZPP 000 
B l p p  - 0 9 9 8 0 0 1 9  
BZPP 6.0 

% IHSYS 
c 
C THE P O S I T I O ! V I N G  O f  THE C O E F F I C I E N T  SL!ITCHES FOR THE 
C F I F T Y - O R D E R  COMPENSbTION FLJRICTION ARE G I V E N  BELO!dr 
C 

A 0  0 1 0 0 0 0 0  

A2 0 0 0 1 1 1 0 1 0 1 0 1 0  
B1 1 1 0 1 1 0 0 0 0 0 ~ 1 0 1 1 0 0  
8 2  0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 1 1  
A1P 1 1 1 1 1 1 0 1 0 1 1 1 1 1 0 1 1  
AZP 3 O l l 1 l O l l O O Q l O l 0 0  
C I P  1 1 1 1 1 1 0 0 1 0 1 1 1 0 0 1 0  
% 2 P  e 0 1 1 1 1 0 0 1 1 1 0 0 0 0 1 0  
A l P P  1 0 1 1 1 2 1 1 1 0 1 1 1 1 1 0 1  
AZPP 0 o o e o o o o o ~ ~ ~ o o o o o  
B l P P  1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0  
B2PP  0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0  

S 1 2 3 4 5 6 7 8 9 10 11 1 2  1 7  14 1 5  16 17  

41  i n i i o i i i e ~ i e i  

1 8  

0 
1 
0 
0 
1 
1 
3 
0 
1 
0 


